The variations in body size, egg size and brood size of berried females among populations have not been known in Palaemon paucidens.
Introduction
Palaemon paucidens DE HAAN is a common freshwater shrimp in Japan, distributed widely from Yaku Is. to Hokkaido, as well as in Sakhalin, Etorofu Is., and Korean Peninsula to the north (RATH-BUN, 1902; KUBO, 1942; SHOKITA, 1975) . It inhabits various kinds of inland waters, from small ponds to large deep lakes and from the mouth to the upper course of rivers. During the course of the study on the life history of this species in Lake Biwa, I noticed that the newly hatched zoeae released by the females from this population were much smaller than that described by YOKOYA (1931) from a pond in Tokyo, besides the apparently smaller sizes of their eggs in comparison with that from other localities.
It has been already recognized by KUBO (1942) that there are two groups of species of the genus Leander (=Palaemon) in Japan and adjacent areas that differ in egg size, and Palaemon paucidens belongs to the group of large egg size. KAMITA (1961) extends KUBO's finding over the Japanese freshwater shrimps through his extensive survey, and indicates that the eggs of the present species are larger than those of any other palaemonid and atyid shrimps in Japan, although this place has been taken over by Macrobrachium shokitai (SHOKITA, 1973a) . KAMITA regards this attribute of Palaemon paucidens as that which made itself possible to be dis- SHOKITA (1975) and TATSUKAWA (1977) as that the females of northern populations tend to bear larger eggs than southern ones in Palaemon paucidens. On the contrary, KAMITA, in the same paper, refers to the apparent variation in size of the eggs of Paratya compressa.
Nevertheless, little attention has been paid to the variations in the size and number of eggs within a population or among local populations of freshwater shrimps and prawns.
In the present study, the results of examination of the size and number of the eggs carried by a female among different populations of Palaemon paucidens are presented and analysed. The geographical variations in these features and their meaning are discussed from the viewpoint of adaptive significance for sustaining the population.
Materials and Methods
Berried females were collected from various inland waters in Japan to cover the range of the geographical distribution of the species, as well as the range of its habitat, during their breeding seasons from 1974 to 1978. All specimens caught were preserved in 10 % formalin, except some of those from a pond in Aomori Prefecture, which were preserved in 70 % alcohol. The specimens collected by Prof. D. MIYADI in Lake Tibesan of Sakhalin and Syananuma pond of Etorofu Is. in 1934, and retained at the Otsu Hydrobiological Station, were also examined. The localities and dates of collection of the specimens examined are given in Fig. 1 and Table 1. Ten eggs, which were apparently not artificially injured, shrunk or bursting on hatching, were removed from each female, and their lengths and widths were measured under a stereoscopic microscope to the nearest O.01 mm. The body length of each mother shrimp was also measured to the nearest O.1 mm (from the base of eye to the tip of telson) , and the wet weight with and without eggs were obtained to the nearest O.001 g. The total weight of eggs carried by a shrimp was calculated from the latter two values.
At the same time, the number of eggs carried by a female was counted. Measurements were made of all of the above characters for all berried females when the specimens were relatively few, or for 30-40 individuals; body length, however, was measured on all berried females only when a large number of specimens were available. Only the body length and number of eggs can be considered reliable in the following treatments for specimens from Lake Tibesan and Syananuma pond. On the contrary, the egg size is considered reliable for these localities (No. 2, 5, 6, 18, 20 and 23) , since very few specimens were available. The measurements were mostly done from three months to a year after collection.
As is generally admitted, it was quite difficult to properly remove excess water from the individual berried shrimps to insure equal wetness at weighing.
Consequently, it was almost meaningless to weigh them with an accuracy greater than O.001 g, and inevitably the calculated weight of an egg does not suffice for critical comparison.
On the contrary, the length and width can be measured with greater precision for each egg. Thus, the calculated egg size permits closer analysis, and at the same time enables clarification of the variations in egg size with the same mother shrimp. Therefore, the calculated egg size (i. e., [length (mm)] x [width (mm)]2, and called egg volume for convenience' sake) is adopted in the following discussion on egg size.
Results

3-1. Body Size of Berried Female
The size of the berried female varies with the population in terms of different localities (Figs. 2, 4, 5) . Although the berried females are larger early in the breeding season (SAITO and YAMADA, 1954; OKUBO, 1964; KAMBARA et al., 1967) , most of the specimens examined in the present study were collected in the peak period of the breeding season, namely, from late May to July, and the seasonal variation in size may not be taken into account in the analysis of the results.
The size distribution of the berried females is nearly normal in all populations except that of Lake Ohnuma (No. 22) , in which the distribution is bimodal and the larger portion consists of 2/3 of the females. The berried females from Hokkaido, except for the small females in Lake Ohnuma (No. 22*), are larger, and those of Lake Biwa (No. 1), , and a pond of Aomori (No. 16), are significantly smaller than the others. The body length of the berried females mostly exceeds 3 cm. The smallest berried female recorded during the present study (2.42 cm) is from Lake Biwa (No. 1) ; it is much smaller than the 3.1 cm reported by KAMITA from a moat in Nara or the 2.9 cm cited by KAMBARA et al. (1967) from a pond in Kagawa.
A definite relationship exists between weight including eggs and length on log scales in each population, as is indicated by the highly significant correlation coefficient (P<0.01), the slope being nearly three in most of the populations, indicating similar body shape within each population (Fig. 4) . Covariance analysis shows that the regression equations are not significantly different in slope between any paired populations whose regression lines are tolerable for covariance analysis.
On the contrary, they differ significantly in elevation (P<0.05) among most of these populations, suggesting the difference in body shape that has been noticed and is easily discernible by the layman's eye. Among the populations studied, the egg volume varies greatly (Table 1) There is a recognizable south-north trend (or trends) of increase in egg size, in spite of some exceptions stated above. Figure 7 shows the relationship of mean body weight of berried females to mean egg volume for each population.
Populations with larger mean weight of berried. females, such as those of the large females of Lake Ohnuma (No.22**), Lake Harutori (No.24) and Lake Akan (No.26), produce larger eggs. In addition, although 3-3. Brood Size Brood size here means the number of eggs carried by a female at one time, and it differs among the individuals even within a given population (Fig.5) . The maximum brood size recorded was 909 from Lake Biwa (No.1), and the minimum was 46 from Aomori (No.16).
The log of brood size shows a significant linear correlation with the log of length of females (P<0.02) for all populations except that of Kagamiike (No.9), a pond in Fukuoka (No.14), and that of Matsumoto Castle moats (No. 25) , in all of which specimens were fewer than in other waters. Covariance analysis shows that the slopes of the regression lines are not significantly different between any paired populations whose regression The relative brood size [the ratio of brood size to berried female body weight] is calculated and plotted against the respective female body weight for the representative populations (Fig.9) . Since the brood sizes correlate linearly with female body weight (X) to a significant degree, relative brood size (Y) can also be expressed as Y=A+C/X, designating a hyperbola. However, as shown in Fig.9 , relative brood sizes are similar within the range of berried female size for most of the populations, while in the rest they are almost linearly only slightly increasing or decreasing. The relative brood size of the small females of Lake Ohnuma (No.22*) is slightly larger than that of the large females (No.22**). The populations exhibiting the largest mean relative brood size at respective mean body weights (in Fig.6 ) are those having the smallest mean egg volume among the populations of similar mean body weights (in Fig.7) .
The mean brood size was calculated from the actual number of eggs counted for all berried females when the specimens were relatively few, or basing on the length frequency distribution of berried females and the regression between the brood size and the length when a large number of berried females were available. The mean brood size with the range of standard deviation is plotted against the mean egg volume for each population in Fig.8 . There is no consistent relation between these two values, and the mean brood size, including that for Lake Biwa (No.1), remains within a limited range regardless of mean egg volume. There is also no discernible geographical trend in mean brood size in contrast to mean egg volume as mentioned before, but populations from small ponds show smaller mean brood sizes than those from lakes and rivers among neighbouring populations.
On the other hand, the populations having the largest mean relative brood size at respective mean body weight (in Fig.6 ) retain large and similar mean brood sizes (in Fig.8 (Fig.10 ).
There is no definite trend of variation in this value with body weight within each of most populations; instead, the relative brood weight remains at a certain level, differing slightly from population to population.
The relative brood weight can also be expressed by [relative brood size] x [weight of a single egg]. The relationship between mean relative brood size and mean egg volume among the populations is shown in Fig.11 .
The mean relative brood weight shows only a small range of variation, as is easily deduced from the values of [mean relative brood size] x [mean egg volume], shown in Fig.11 .
The mean egg volume is almost inversely proportional to the mean relative brood size. 
Discussion
Palaemon paucidens is fished commercially in several lakes and has often been introduced from one body of water to another, intending to improve fishery resources.
For instance, the population of Lake Ohnuma in Hokkaido was established through the introduction of shrimps from an adjacent river in 1909 (HANDA and ARAKI, 1930) , and that of Lake Towada from Lake Hachirogata in 1905 (MATSUI and WAINAI, 1937) . Lake Shinji was confirmed to have been natively inhabited by this species in 1961 (HARADA, 1968) , but it has been receiving some hundred kilograms of shrimps from Lake Biwa yearly for the past several years by the fishermen. However, no specimens examined from this lake bear eggs as small as those in Lake Biwa. For most of the other waters, no information is available on whether the population is indigenous or introduced. In this connexion, the materials treated in this study are regarded as representing the population of the locality in the following discussion. It is confirmed that the maturation age of this species is 1 year for the populations from a pond in Fukuoka (MINEI, 1972) on the contrary, mean relative brood weight remains within a limited range among them, suggesting that the reproductive matter produced by a female is relatively similar in quantity among these populations.
Based on the result of nearly constant mean relative 
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Variations of a Freshwater Shrimp brood weight, the mean egg volume should be inversely proportional to the mean relative brood size. As has been described in the preceding section, mean relative brood size and mean egg size vary correlatively in this manner. Although brood size is greatly influenced by the body size of the mother shrimp in a population, relative brood sizes are similar among females. The difference in relative brood size is apparent between the population of Lake Biwa and that of other waters. However, mean brood sizes are similar among the populations having the largest mean relative brood size at respective mean body sizes. The other populations have smaller mean brood sizes within a certain range. It is evident that there is an undeniable interrelationship among mean body size, mean relative brood size, and mean brood size, though its biological basis has to be proved.
The intraspecific difference in egg size has been little noticed for freshwater shrimps, and KAMITA (1961) denies its occurrence for Palaemon paucidens.
As has been shown in the preceding section, this is not the case with the present findings. Kuso (1942) recognizes two groups of species of the genus Leander (-Palaemon) in Japan and adjacent areas in terms of egg size. The large egg group includes paucidens, miyadii and modestus, all freshwater species, and the small egg group comprises marine and brackish species. According to the egg sizes given by him for these groups, however, Palaemon paucidens from Lake Biwa should fall into the small egg group. KWON and UNO (1968) distinguish three types of larval development of carideans after SOLLAUD (1923) , and consider Palaemon paucidens as the species of the common type with no abbreviation, basing on YOKOYA (1931), whose measurements of egg specimens correspond to those of the largest eggs in the present study. All marine and brackish species are also regarded as of the common type, whereas Palaemon modestus is assigned to that of the abbreviated type.
The pattern of intraspecific variation in egg size in Palaemon paucidens appears to be characteristic.
Egg size remains constant within any population except that from Lake Ohnuma, and displays great variation among the populations. In fish, both cases are known, where egg size varies with body size, as in rainbow trout (KATO, 1975) and catfish (DAVIS, 1977) , or remains constant, as in some species of cichlids (FRYER et al., 1972) , within a population. In the case of rainbow trout (KATO, 1975) , egg sizes are relatively similar only within a year class. AZUMA (1973c) reports the variation in egg size between the population for ayu-fish, Plecoglossus altivelis, but in this case egg size varies with body size within a population.
By comparison of three local populations of a goby, Tridentiger obsculus, KISHI (1978) concludes that egg size of each population remains almost constant regardless of female body size, but the egg size and body size of the females in the lake population are decisively smaller than those from the river and estuary populations. No such pattern of variation in egg size of Palaemon paucidens has not been reported, as far as I know.
Possible combinations can theoretically be deduced for the relations of egg size, relative brood size, relative brood weight and brood size to body weight within a population, if egg size and brood size increase with body size, or egg size remains constant and brood size increases (Fig.12  A) . Only three cases of them are known to occur actually in aquatic fishes and shrimps, as far as I can study. The first is the case represented by Palaemon paucidens, whose egg size, relative brood size and relative brood weight remain almost similar regardless of body size (I in Fig.  12 A) . The second case is seen in the carp, CyPrinus carpio (HULATA et al., 1974) , whose egg size increases with body weight, but relative gonad weight (the ratio of gonad weight to body weight) is independent of body size (V). The third is found with the perch, Perca fluviatilis (CRAIG, 1974) . Its egg size and relative gonad weight increase with body weight, but relative egg number (the ratio of egg number to body weight) is independent of body size (IV). In addition, SHATUNOVSKII (1964) * reports that in the flounder, Pleuronectes (= Platichthys) flesus, the relative egg number increases with body size, and eventually this species falls into either the third (III) or the eighth (VIII) case in Fig.12 A. The combination of the relations of mean egg size, mean relative brood size, mean relative brood weight, and mean brood size to mean body weight can similarly be compared among local populations, but only a few sources for several species enable this (Fig.12  B) . In Palaemon paucidens, although both mean egg size and mean relative brood size differ among the populations, mean relative brood weight and mean brood size are within a limited range.
In Plecoglossus altivelis, mean relative gonad weight is nearly identical among the three populations from Lake Biwa. However, mean egg size slightly increases with mean body size, and mean egg number distinctly increases among them (AZUMA, 1973b) . On the contrary, mean egg size and mean relative egg number for the river population are much different from those of the populations from Lake Biwa, although mean relative gonad weight is similar (AZUMA, 1973c) . Apparently, in these species, mean egg size, mean relative brood size, mean relative brood weight, and mean brood size are not linearly correlated with mean body size, as is seen in the relations of egg size, Among the local populations of the species, the variation in egg size generally tends to be greater at higher latitudes and less at lower latitudes. The populations of Lake Biwa, the River Tomoe and River Hota are the exceptions, and their eggs are far smaller than those of neighbouring populations. To explain selection toward the production of larger eggs, adaptation to colder or unfavourable condition is one conventional reasoning. The annual mean surface temperatures for each locality are plotted against the latitude in Fig. 13 , and the relationship between egg volume and annual mean surface temperature among the localities is shown in Fig.14 MIZUNO (1961) and No.13 in a river flowing into Lake Ono. Palaemon paucidens accords with evidences in those species mentioned above, and may be explained as an adaptation to temperature condition. A particular exception is the population from Lake Biwa, whose attributes are difficult to be explained on the same basis suggested above. The remarkable features of the population in Lake Biwa are more than apparent, which are evidently expressed in the small body and egg size and the large relative brood size. Lake Biwa is the largest lake in Japan, with a maximum depth of 103.9 m, a mean depth of 41.2 m, and an area of 674.4 km2. Accoding to YOSHIMURA (1936a), it belongs to the category of subtropical lake, with a surface temperature which never falls below 4 with a distinct thermocline in summer, and has one circulation period in winter. Although HUTCHINSON (1957) (Fig.15) . Annual mean surface temperature of Lake Biwa does not differ much from those of other lakes and ponds in the same district or at similar latitudes, whereas, it has much less annual variation in temperature.
Daily fluctuation in surface temperature in Lake Biwa is also smaller than in others, presumably because of its great thermal capacity. The seasonal migration occurring in the population of Lake Biwa adds another aspect to their thermal environment. HARADA (1966) reports that young of Palaemon paucidens in Lake Biwa migrate from inshore waters to profundal bottoms of more than 40 m in depth in autumn to pass the winter and return to shallow waters again in spring to grow and breed. The longer exposure to low temperature may, as is generally admitted in many animals, lead to the retarded growth in the Lake Biwa population, resulting in the small body size and causing smaller maturation size. The fact that the body sizes of the aged-1 shrimps of the population in a pond in Sapporo, that has been confirmed to breed in the second year (SAITO and YAMADA, 1954) , are slightly smaller than in Lake Biwa may support this. With the decrease in body size at maturation, the decrease in brood size generally occurs, as is seen among females or among populations.
As has been stated repeatedly, the population of Lake Biwa is exceptional, in which larger brood sizes are attained in spite of the small body size, resulting in exceptionally high relative brood size. Being associated with this, an apparent decrease in egg size has also occurred. The extreme decrease in egg size may Fig. 15. Seasonal changes of water temperatures at surface and at bottom of 50 m in depth in Lake Biwa in 1978, and at surface in Lake Shinji in 1960-61 based on the survey report compiled by S. MORI (1962) .
Variations of a Freshwater Shrimp have brought about high mortality of the tiny larvae released. In fact, the experimental results of rearing larvae from eggs of various populations suggest lower survival rate of the larvae from Lake Biwa in the same rearing conditions (NISHINO, unpublished data). Further, no females have been found in Lake Shinji that are bearing eggs of a size comparable to those in Lake Biwa, even though shrimps have been repeatedly transplanted into there from Lake Biwa. The populations from the River Yodo and River Kizu, both of which are connected with Lake Biwa, seldom involved females with small eggs. These findings suggest that the larvae from the population of Lake Biwa can hardly survive in the waters but Lake Biwa. Probably, the conditions surrounding the population in Lake Biwa are favourably acting to support better survival of the tiny, frail larvae through its less variable, or stable, states of conditions, as well as the great expansion of its water body. The high relative brood size achieved through diminishing the egg size may thus be regarded as an adaptive strategy of allocation that can be adopted only by the population in Lake Biwa. Lake Ohnuma, Lake Shikotsu and Lake Akan.
